Ionizing radiation is defined in physics as radiation with enough energy to remove electrons from atoms, resulting in an ionized atom. Many sources of ionizing radiation exist; examples include atomic or hydrogen bombs, X-ray machines, some types of radiation therapy, the sun, and Earth's crust (e.g., radon). High doses of radiation have been known to cause acute effects for more than a century. As with other environmental hazards, however, the longterm risk of radiation exposure-particularly for lower doses typical of occupational and environmental exposures (in this case, mainly excess cancer)-are much more difficult to assess. Such risk information is needed to protect workers and the public from radiation sources found in industry, medical care, and the environment, as shown in the figure, as well as to estimate the risks posed by nuclear power plants and nuclear weapons. Perhaps surprisingly, a large proportion of our knowledge of radiation's dose-response relationship comes from continuing studies of the atomic-bomb survivors in Japan. Over time, advances in exposure science were creatively applied to obtain increasingly precise dose estimates, which in turn allowed us to understand the health implications of radiation and to estimate the probability of harmful effects at a given dose.
This knowledge has led to regulations and guidance to protect tens of millions of workers in several occupations, medical patients, and the general public. For example, workers wear radiation dosimeter badges to limit their exposure within guidelines based on scientific estimates of the probability that they might later develop cancer or other adverse health effects, newer generations of X-ray machines deliver lower doses to patients, and more homes are now evaluated for the presence of radon gas as it has become clear that radon increases cancer risk.
The development of radiation dose estimates for the Japanese atomic-bomb survivors illustrates the value of exposure science in greatly increasing the precision of risk estimates and, as a result, global confidence in the details of the health impacts from ionizing radiation and the development of health-protective regulations and guidance. 
BACKGROUND
At the time of the Manhattan Project during World War II, relatively little was known about the effects of ionizing radiation-particularly the late effects, as opposed to acute injury at high doses. Much was learned about the physics of exposures in the Manhattan Project itself, but most of the development of radiation protection standards would come later, and much of it would be based on studies of the Japanese atomic-bomb survivors. After the establishment in 1947 of the Atomic Bomb Casualty Commission (ABCC) in Hiroshima and Nagasaki (Neel and Schull, 1956) , several early studies were conducted. In the earliest of these, because of the lack of knowledge of a relevant exposure metric, parents were classified in terms of distance from the hypocenters of the bombs as a surrogate for radiation dose.
In 1956, the ABCC set up several large, fixed cohorts for prospective studies of radiation effects. The largest of those, the Life Span Study, has essentially complete follow-up of mortality data through death certificates on a national level, and encompasses 120,321 individuals. The questionnaire used for gathering exposure data on members of the cohorts showed remarkable foresight. Dose estimates for the survivors have come from a series of systems that evolved over half a century by incorporating the most current technical and scientific methods available at the time (Cullings et al. 2006 ).
IMPACT AND IMPLICATIONS FOR EXPOSURE SCIENCE
An important aspect of the dosimetry systems is their validation by measurements of materials that were exposed to the penetrating radiation of the bombs in known locations. By a few days after the bombings, Japanese physicists were in the cities, collecting samples and making measurements. They devised clever and insightful methods for some measurements. Measurement technology has continued to develop up to the present day (Young and Kerr, 2005; Gasparro et al., 2010) .
All the dosimetry systems calculate survivor doses on the basis of survivors' reported locations, body positions, and shieldinginformation obtained from interview data. Methods in the realm of biodosimetry, which do not depend on the accuracy of sur- 
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vivor recall in regard to location and shielding, are an important adjunct. Such methods include measurements of chromosomal aberrations and isotopes and carboxyl radicals created by neutron and gamma radiation exposure to tooth enamel (Kodama et al., 2001; Wallner et al., in press ). Biodosimetry is hampered by large uncertainty and the existence of artifacts. Nevertheless, biodosimetric results can, in principle, contribute to analyses of the relationship between dose and health outcomes, particularly when available physical dosimetry is prone to error. Statistical treatment of dose uncertainty remains an important topic of research with wide implications (Pierce et al., 2008) .
RERF maintains a repository of biosamples from the Adult Health Study, a cohort of more than 20,000 survivors who undergo biennial medical examinations-an invaluable resource for exposure science, as are archival records about survivors. RERF continues to improve these records. In addition, new technologies, such as geographical information systems and photogrammetry using pre-bombing aerial photographs of the cities, allow improved data to be extracted from archival records.
Thus, the estimation of doses received by the atomic-bomb survivors continues to be refined and to be a subject of scientific inquiry even 65 years after the bombings took place. None of this would be possible without the foresight of early Japanese and US researchers in collecting and preserving data, as well as the participation of survivors and their children. By greatly reducing exposure error ("misclassification"), better estimates of the dose received by each person allowed increasingly sensitive and precise estimates of the health impact of ionizing radiation per unit exposure.
The scientific development of dosimetry underlies the credibility of health-effects studies that quantify risk of cancer and other late health effects of ionizing radiation. Such studies are summarized in the recommendations of major international advisory bodies and are the basis for risk estimation, not only for occupational exposures but also for exposures such as those from medical procedures and nuclear power plant accidents.
Although stemming from great tragedy, the ABCC/RERF studies represent a triumph of exposure science in which "true" doses were pinned down with greater and greater accuracy by integrated application of increasingly sophisticated questionnaire, physical, statistical, chemical, spatial, and biological methods.
